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We calculate the transition radiation process v lyy a.t an interface of two media. The neutrinos 
are taken to be with only standard-model couplings. The medium fulfills the dual purpose of 
inducing an effective neutrino-photon vertex and of modifying the photon dispersion relation. The 
transition radiation occurs when at least one of those quantities have different values in different 
media. The neutrino mass is ignored due to its negligible contribution. We present a result for 
the probability of the transition radiation which is both accurate and analytic. For i?^ = IMeV 
neutrino crossing polyethylene-vacuum interface the transition radiation probability is about 10~^^ 
and the energy intensity is about 10~'''*eV. At the surface of the neutron stars the transition 
radiation probability may be ~ fO"^". Our result on three orders of magnitude is larger than the 
results of previous calculations. 



Introduction. - In many astrophysical environments the 
absorption, emission, or scattering of neutrinos occurs in 
media, in the presence of magnetic fields [l| or at the 
interface of two media. Of particular conceptual interest 
are those reactions which have no counterpart in vac- 
uum, notably the plasmon decay 7 — Pv, the Cherenkov 
and transition radiation processes v — ^ vj. These re- 
actions do not occur in vacuum because they are kine- 
matically forbidden and because neutrinos do not couple 
to photons. In the presence of a media (or a magnetic 
field), neutrinos acquire an effective coupling to photons 
by virtue of intermediate charged particles. In uniform 
media (or external field) the dispersion relations are mod- 
ified of all particles so that phase space is opened for 
neutrino-photon reactions of the type 1 — > 2 + 3. The 
violation of the translational invariance at the direction 
from one media into another leads to the non conser- 
vation of thr momentum at the same direction so that 
transition radiation becomes kinematically allowed. 

The theory of the transition radiation by charged par- 
ticle has been diveloped in [2| • It those articles authors 
used classical theory of electrodynamics. In Q the quan- 
tum field theory was used for describing the phenomenon. 
The neutrinos have very tiny masses. Therefore one has 
to use the quantum field theory approach in order to 
study transition radiation by neutrinos. 

The plasma process 7 — >■ j/i^ was first studied in 
The j^-7-coupling is enabled by the presence of the elec- 
trons of the background medium, and the process is kine- 
matically allowed because the photons acquire essentially 
an effective mass. The plasma process is the dominant 
source for neutrinos in many types of stars and thus 
is of great practical importance in astrophysics [ij. In 
a plasma there are electromagnetic excitations, namely, 
the longitudinal plasmons, 7^, which four-momentum are 
space like for certain energies. The Cherenkov decay 
J/ — > z^7l was studied in @. 

The presence of a magnetic field induces an effective 
j'-7-coupling. The Cherenkov decay in a magnetic field 



was calculated in [7[. The ^ ^ vv decay rate was cal- 
culated in [sll, assuming that phase space is opened by 
a suitable medium- or field-induced modification of the 
photon refractive index. 

At the interface of two media with different refractive 
indices the transition radiation v ^ was studied in 
Q with the assumption of a neutrino magnetic dipole 
moment. 

We presently extend previous studies of the transition 
radiation to neutrinos with only standard-model cou- 
plings. The media changes the photon dispersion re- 
lation. In addition, the media causes an effective v- 
7-vertex by standard-model neutrino couplings to the 
background electrons. We neglect neutrino masses and 
medium-induced modifications of their dispersion rela- 
tion due to their negligible role. Therefore, we study the 
transition radiation entirely within the particle-physics 
standard model. 

A detailed literature search reveals that neutrino tran- 
sition radiation has been studied earlier in (lo| . They 
used vacuum induced v-^ vertex (" neutrino toroid dipole 
moment") for the v ^ matrix element. We do not 
agree with their treatment of the process. The media 
itself induces v-^ vertex. The vacuum induced vertex 
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FIG. 1: Transition radiation by neutrino at an interface of 
two media with refractive indexes n\ and n^. 
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can be treated as a radiation correction to the medium 
induced one. We found that the result of [10| for the tran- 
sition radiation rate is more than three orders of magni- 
tude, ( — smaller than our result. 

We proceed by deriving a general expression for the 
transition radiation rate (assuming a general v-j-vertex) 
in quantum field theory. We derive the standard-model 
effective vertex in a background of electrons, then we cal- 
culate the transition radiation rate by performing semi- 
analytical integrations and summarize our findings. 

Transition Radiation. - Let us consider a neutrino cross- 
ing the interface of two media with refraction indices ui 
and 712 (see Fig. 1). In terms of the matrix element M 
the transition radiation probability of the process v ^ 
is 
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Here, p — (£',p), p' ~ (£",p'), and k = (a;,k) are the 
four momenta of the incoming neutrino, outgoing neu- 
trino, and photon, respectively and j3z = Pz/ E. The sum 
is over photon polarizations. 

We shall neglect the neutrino masses and the deforma- 
tion of its dispersion relations due to the forward scat- 
tering. Thus we assume that the neutrino dispersion re- 
lation is precisely light-like so that = and E = |p|. 

The formation zone length of the medium is 



\Pz - P'z - kz 



(2) 



The integral over z in eq. ([Ij oscillates beyond the length 
of the formation zone. Therefore the contributions to the 
process from the depths over the formation zone length 
may be neglected. The z momentum {j)z — p'z — kz) 
transfers to the media from the neutrino. Since pho- 
tons propagation in the media suffers from the atten- 
uation(absorption) the formation zone length must be 
limited by the attenuation length of the photons in the 
media when the later is shorter than the formation zone 
length. 

After integration of ([T]) over p' and z we find 
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where (3'^ = p'^/E', 9 is the angle between the emitted 
photon and incoming neutrino. M.'^^''^^ are matrix ele- 
ments of the 1/ 1/7 in each media, fci*^ and p'z^^ are z 
components of momenta of the photon and of the outgo- 
ing neutrino in each media. 

As it will be shown below main contribution to the pro- 
cess comes from large formation zone lenghts and ,thus, 
small angle 9. Therefore the rate of the process does not 



depend on the angle betwee the momenta of the incom- 
ing neutrino and the boundary surface of two media (if 
that angle is not close to zero). The integration over Lp 

drops out and we may replace dip — > 27r. fci'-* and p'i 
have the forms 
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here we have used n'"""'^' = Ikp'^^/w. 

If the medium is isotropic and homogeneous the polar- 
ization tensor, tt^"^, is uniquely characterized by a pair 
of two polarization functions which are often chosen to 
be the longitudinal and transverse polarization functions. 
They can be projected from the full polarization matrix. 
In this paper we are interested in transverse photons, 
since they may propagate in the vacuum as well. The 
transverse polarization function is 



(5) 



The dispersion relation for the photon in the media is the 
location of its pole in the effective propagator (which is 
gauge independent) 
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After summation over transverse polarizations the pho- 
tons density matrix has a form 
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Neutrino-photon vertex- In a media, photons couple 
to neutrinos via interactions to electrons by the ampli- 
tudes shown in Fig 2. One may take into account similar 
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FIG. 2: Neutrino-photon coupling in electrons background. 
(a,b) .Z-7- mixing. (c,d) "Penguin" diagrams (only for Vf^). 
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The maximal allowed angel, Omax , for the photon emis- 
sion is 7r/2 when w < -j and sin 9,nax — "^J" when 
a;>f. 

Now we expand underintegral expressions on small an- 
gle, since only in that case the denominator is small (and 
the formation zone length is large). Thus we write the 
transition probability in the form 
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FIG. 3: Energy spectrum of the transition radiation by elec- 
tron neutrinos at an interface of media with plasma frequency 
ujp — 20eV and vacuum. The energy of the incoming neutrino 
is i5 = 1 MeV. The dot line is numerical and the solid line 
is semi-analytical integration over angle between photon and 
incoming neutrino momenta. 



graphs with nuclei as well, but their contribution are usu- 
ally negligible. When photon energy is below weak scale 
[E <C M\y) one may use four-fermion interactions and 
the matrix element for the v-^ vertex can be written in 
the form 
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Eg. p^ tells us that the radiation is forward peaked 
within an angle of order ^ Vl — n^- 



After integration over angle 6 we get 
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Numerically eq. ()14p does not depend much on Omax- 

Usually the axialvector polarization function is much 
less than the vector one. For instance in nonrelativistic 
and nondegenerate plasma these functions are |13i | 



and 
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where u^l = 



is the plasma frequency. Therefore we 
may ignore the term proportional to tts. 

Since we are interested in the forward radiation in the 
gamma ray region, we assume that the index of refraction 
of the photon is 



7rf is the polarization tensor for transverse photons, 
while TTg is the axialvecor- vector tensor [I^l . 

Transition radiation rate.- Armed with these results 
we may now turn to an evaluation of the u rate at 

the interface of the media and the vacuum. We find that 
the transition probability is 
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and the photons from the medium to the vacuum prop- 
agate without any reflection or/and refraction. 

In Fig. 3 we plot the energy spectrum of the photons 
from the transition radiation by electron neutrinos with 
energy E — IMeV. 

After integration over photon energy we find the neu- 
trino transition radiation probability as 
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here (5 ~ 5 for uj„ 
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The energy deposition of the neutrino in the media due 
to the transition radiation 



E 



E 



3 UJr, 



(18) 

The eqs.([l3]),([T71) and (HH]) are main results of the 
present work. 

For MeV electronic neutrinos the transition radiation 
probability is about W ^ lO^'^^ and the energy deposit 
is about 1.4 • lO^'^^ eV when they cross the interface of 
the media with Wp = 20 eV to vacuum. 

Unfortunately the transition radiation probability is 
extremely small and cannot be observed at the Earth. 

On the other hand at the surface of the neutron stars 
electron layer may exist with density ~ rrig, due to the 
fact that the electrons not being bound by the Strang 
interactions are displaced to the outside of the neutron 
star [111]. Therefore MeV energy neutrinos emited by 



the neutron stars during its cooling processes will have 
transition radiation with the probability of ^ 10^^° and 
energy spectrum given in eq. (fT4|) . 

Summary and Conclusion- We have calculated the neu- 
trino transition radiation at the interface of two media. 
The charged particles of the media provide an effective 
1^-7 vertex, and they modify the photon dispersion rela- 
tion. We got analytical expressions for the energy spec- 
trum of the transition radiation, its probability and the 
energy deposition at the process. The radiation is for- 
ward peaked within an angle of order — . The photons 
energy spectrum is falling almost linearly over photon 
energy. Close to its maximum value (~ E^) it is further 
suppressed due to the smaller phase space. 
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